) molar ratio and A is an interlayer anion with valency n. Such compounds, especially Ni-Al layered double hydroxides, are prospective catalysts for ethanol steam reforming. . Broad halos in the diffraction patterns indicate amorphous or strongly disordered phases containing the doping anions. H 2 reduction of undoped Ni-Al-O (NA) and those doped by W (NAW) and Nb (NANb) occurred in one step, while that doped by V (NAV) was reduced in two steps. W doping increases the reduction temperature, but Nb doping decreases it. The hydrogen consumed increases in the row: NANb < NAW < NAV < NA. In the ethanol steam reforming reaction, modification by W and Nb anions results in ethanol conversion rates close to that of the unmodified sample, but V increases it nearly twofold.
a nontoxic liquid easily transported through the current infrastructure and is a potential hydrogen source. Nickelbased catalysts are also used for hydrogen production from ethanol (decomposition [4] , steam reforming [5−8] and oxidative steam reforming [9] ). Catalyst stability is the most important challenge for this process. Recently, catalyst deactivation during ethanol conversion was thoroughly reviewed [10] ; it is generally attributed to carbonaceous species deposition, as well as sintering and metal particle oxidation.
The following reactions are possible routes for hydrogen production from ethanol: steam reforming (1), partial oxidation (2) , and decomposition (3 and 4): (4) Although steam reforming provides the highest hydrogen yield, it is highly endothermic; high conversions require high operation temperatures [8, [12] [13] [14] [15] . The pathways for hydrogen production [11] 
Introduction
Nickel-based catalysts are active and selective for a range of reactions in petroleum refining including hydro-treating [1] , hydro-cracking [2] and hydro-processing [3] . Ethanol is Ni-containing catalysts possess redox properties. For NiO there is one peak at 360 о С corresponding to NiO reduction by H 2 to Ni [16, 18] . Tungsten incorporation into nickel oxide shifts reduction peaks to higher temperatures [17] apparently caused by interaction between small NiO particles and tungsten oxide nanoparticles (surface area significantly increases with W addition) [18] . NiO doping by Nb cations results in the opposite effect, shifting the reduction peak to lower temperatures [19] . NiO 
Catalyst characterization
Chemical analysis was carried out using a Perkin Elmer Optima 4300VD inductively coupled plasma emission spectrometer.
X-ray diffraction measurements were performed on a Thermo ARL X'tra diffractometer using CuKα radiation and θ-θ geometry with Bragg-Brentano focusing. Data were recorded from 2Θ = 5-70 o (step size 0.05 o , time 3 s) with a single channel Si(Li) detector. Instrumental broadening was determined using an external standard (quartz NIST SRM 640b). Diffraction patterns were analyzed using the ICDD PDF-2 database [24] . Structural phase parameters were obtained from the ICSD database [25] . Theoretical X-ray patterns were built using PowderCell V.4.2 [26] . Rietveld refinement was performed using the TOPAS v.4.2 program package [27] .
Ar adsorption-desorption isotherms were obtained with a SORP-4.1 instrument and the S BET method [28] used to calculate the total surface area within ± 10%. 
Results and discussion

Chemical analysis
The experimental Ni to Al ratio (Table 1) for the NA sample is close to the nominal 2:1. Introduction of the interlayer anion does not change this ratio substantially. The ratio of the modifying component changes from 0.16 to 0.43 with respect to Al ( Table 1 ). The Na content does not exceed 0.03 %. The unmodified sample pattern is typical of layered double hydrotalcite-like hydroxides Ni-Al-СО 3 [29] with asymmetrical distortion of the 012, 015 and 018 reflections. Model calculations suggest that these changes result from stacking faults in the 3R1 polytype due to inclusion of a large number of 2H1 polytype fragments. For the NA sample d003 and d006 values are 0.771 and 0.383 nm, respectively.
XRD analysis and specific surface area
Samples modified by interlayer anions also have the hydrotalcite-like structure (Fig. 1а) , anions with different charge and size.
Diffraction patterns of samples calcined at 600 о С contain peaks typical for the NiO structure (Fig. 1b) . The unit cell parameter (a) of cubic NiO in the NA sample of 0.4143 nm (Table 2) is less than the 0.4177 nm for pure NiO [34] . The lower а suggests structural disordering and incorporation of Al 3+ with its smaller ionic radius than Ni 2+ . For modified samples only reflections corresponding to a disordered cubic NiO phase are observed (Fig. 1b) . There are broad halos in 2Q up to 30° corresponding to amorphous or strongly disordered phases containing doping anions. At the same time, the a parameter decreased for modified samples. The NiO crystallite size of 2.4 -3.0 nm indicates high dispersion.
The specific surface area (S BET ) of non-modified sample dried at 110 о С is 70 m 2 /g. Modifying with interlayer anions resulted in a negligible increase of the surface area ( Table   Table 1 
Temperature-programmed reduction by hydrogen
Temperature-programmed reduction by hydrogen was carried out to study the reduction behavior of samples calcined at 600°С. Reduction of NA, NAW and NANb samples occurred in one stage, while NAV was reduced in two steps.
The NA sample (Fig. 2 ) gave a peak with a maximum at 519°С. Reduction of Ni-Al-O samples is well known to depend on the Ni/Al ratio and preparation method [34, 36] The NAV profile differs from that of NA by the addition of a low-temperature peak at 338 о С to the main peak at 501 о С. Similar results were obtained [37] , where Ni-Al with a 3:1 Ni/Al ratio was reduced at 665 о С, while a vanadiumdoped sample was reduced in peaks at 380 and 561 о С. Since the main peak corresponds to reduction of the solid solution based on NiO, a low-temperature peak can be assigned to reduction of some V(Ni)-containing phase.
Based on the equation
NiO reduction requires 13.3 mmol Н 2 /g NiO. The amount of hydrogen required for NiO reduction was evaluated. From the TPR data, H 2 consumed is 10.1 mmol Н 2 /g of catalyst (Table 3) , which agrees with predicted 10.0 mmol H 2 /g. For the NАW sample, the hydrogen is 9. 
Thus the predicted hydrogen required is 9.56 mmol H 2 /g catalyst, which practically agrees with the experimental value. Similar behavior was observed for NAV; the hydrogen consumed is 9.8 mmol Н 2 /g. Provided that complete nickel oxide reduction occurs, V 5+ may be entirely reduced to V 4+ and V 3+ or their mixture. Agreement between the experimental and predicted hydrogen consumed was obtained assuming that ~45% of vanadium is reduced to V 4+ and 55% to V 3+ . For NANb the 7.3 mmol Н 2 /g hydrogen consumed is lower than the predicted value. This may be due to a Ni-Nb-O compound which is not reduced in the temperature range studied. Nb 2 O 5 reduction by hydrogen occurs at 930 о С [41] . Summarizing: reduction of doped Ni-Al-O products is completed between 200 -900 о С, with NA, NaW and NANb being reduced in one stage, and Nb doping shifting the reduction peak to lower temperatures. NAV is reduced in two stages. The hydrogen consumed increases in the row: NANb < NaW < NAV < NA.
Catalytic activity of Ni-Al samples in ethanol steam reforming in concentrated feeds
The main characteristics of catalytic activity in ethanol steam reforming of studied Ni-Al-O samples are shown in Figs. 3 and 4 . The main products are hydrogen, carbon oxides, methane and acetaldehyde (Fig. 3) . In some cases there are minor quantities of ethane, ethylene and dimethyl ether. As expected, ethanol conversion (X) increases with increasing temperature. The temperature of 50% ethanol conversion (T 50 ) increases NAV < NANb < NaW < NA (Fig. 4а) . Thermodynamic calculations [42] taking into account methane formation by reaction (4) predict that ethanol should be totally converted over the whole range of temperatures examined.
To compare catalytic activities the reaction rates at 300 о С were estimated. The rate calculation for a plugflow reactor is reasonable only at a rather low ethanol conversion (up to 20%) if the exact kinetic equation is not found.
The ethanol conversion rate (W•10 The higher is the hydrogen consumption rate the faster reactive oxygen is removed and the higher is the catalytic activity. Modification of Ni-Al-O by addition of (Table 2) is smallest, the main cause of its higher catalytic activity and reactivity may be the higher NiO/Ni dispersion, though reactivity of VO x might be important as well. Under steadystate reaction conditions Ni is mainly in the metallic state and Ni 0 sites are responsible for the rupture of C-C and C-H bonds in ethanol and intermediates/surface complexes (acetaldehyde, ethoxy species, etc.) [5] [6] [7] [8] [9] [10] . Partially reduced VO x surface clusters are apparently involved in H 2 O activation yielding H 2 and reactive surface oxygen species. Their migration to the Ni-support interface and interaction with activated Ni surface CHO species is expected to facilitate their transformation into CO and H 2 , increasing catalytic activity.
The hydrogen concentration increases with temperature ( Fig. 3a) to a maximum of 35% at 700°C for NAV (not shown for brevity), corresponding to 88.6% hydrogen yield (Fig. 4b ) although other compositions demonstrate a higher yield at £ 500°C. At high (³ 500 о С) temperatures selectivity to CO increases as well (Fig. 3) approaching the equilibrium level. 3-anions have been prepared. All samples have a layered Ni-Al hydrotalcitelike structure. The d003 interlayer distance changes depending on the anion due to both charge and anion size. For the non-modified sample d003 is 0.771 nm. Incorporation of W-and Nb-containing anions increases the interlayer distance, whereas VO 3-decreases it. Calcination at 600 о С forms a NiO-based solid solution with the unit cell parameter a smaller than that for pure NiO. NiO crystallites of modified samples are smaller than the unmodified one. The greatest size decrease is observed for the NAV sample.
Reduction behavior is determined by the doping component. The hydrogen consumed in reduction increases in the row: NANb < NAW < NAV < NA.
The main products of ethanol steam reduction over these catalysts are hydrogen, carbon oxides, methane and acetaldehyde. In some cases there were minor quantities of ethane, ethylene and dimethyl ether. A correlation between the specific rates of ethanol transformation and hydrogen consumption in temperature programmed reduction was established.
